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Abstract 

Hyaluronan (HA) in human milk mediates host responses to microbial infection, via TLR4- and 
CD44-dependent signaling. Signaling by HA is generally size-specific. Because pure HA with 
average molecular mass (M) of 35 kDa can elicit a protective response in intestinal epithelial 
cells, it has been proposed that human milk HA may have a bioactive low M component.Here 
we report the size distribution of HA in human milk samples from twenty unique donors. A new 
method for HA analysis, employingion exchange (IEX) chromatographyto fractionate HA by 
size, and specific quantification of each size fraction bycompetitive Enzyme Linked Sorbent 
Assay (ELSA), was developed.When separated into four fractions, milk HA withM < 20 kDa, M 
=20-60 kDa, and M « 60-110 kDa comprisedan average of 1.5%, 1.4% and 2% of the total HA, 
respectively.The remaining 95% was HA with M>110 kDa.Electrophoretic analysisof the higher 
M HA from thirteen samples showed nearly identical M distributions, withan average M of -440 
kDa. This higher M HA component in human milk is proposed to bind to CD44 and to enhance 
human beta defensin 2 (HBD2) induction by the low M HA components. 

Keywords: milk / hyaluronan / molecular mass / ion exchange / quantification / electrophoresis 
Abbreviations used: HA, hyaluronan; M, molecular mass; IEX, ion exchange; ELSA, enzyme 
linked sorbent assay; HBD2, human beta defensin 2; HMOs, human milk oligosaccharides; 
MuBD3, murine beta defensin 3; TLR4, toll-like receptor 4; SEC-MALLS, size exclusion 
chromatography with multiangle laser light scattering; CE, capillary electrophoresis; SEC-ELSA, 
size exclusion chromatography-enzyme linked sorbent assay; GEMMA, gas-phase 
electrophoretic mobility molecular analysis; Stains-AII™ dye, 3,3'-dimethyl-9-methyl-4,5,4',5'- 
dibenzothiacarbocyanine; TBE, Tris-borate-EDTA; NaCI, sodium chloride; ERK, Extracellular 
signal-regulated kinases; MAPK, Mitogen-activated protein kinase; HAS, hyaluronan synthase; 
bVGI: biotinylated versican G1 domain. 
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Introduction 

Human milk provides newborns with a critical first line of natural defense against harmful 
infectious agents in addition to providing essential nutrition and factors that promote growth as 
well asorgan and immune system development. Multiple componentsof milk, including 
carbohydrates, proteins, and fatty acids, work in concert to achieve protection against intestinal 
pathogens and formation of a beneficial microbiota that is essential to the future health of the 
baby[1,2],Human milk oligosaccharides (HMOs) have been appreciated as beneficial glycans that 
promote healthy commensal bacteria and pathogen protection within the infant gut for over sixty 
years[3]. Similarly milk glycosaminoglycans have been shown to play a protective role, by inhibiting 
HIV infection [4]. 

Coppaet al.[5]recently reported that hyaluronan (HA), a non-sulfated 
glycosaminoglycanextracellular matrix component produced by all vertebrates, is a natural 
component of human milk. Our group demonstrated, using a cohort of 42 nursing mothers, that 
HA is produced at the highest concentrations during the first months after giving birth (~500ng/ml) 
and tapers to a steady level (~100ng/ml) during the first year[6]. Importantly, HA purified from 
milk, when provided at the physiological concentrations provided to babies, inducesincreased 
expression of the antimicrobial peptide, human beta defensin 2 (HBD2) protein by a human 
epithelial cell line and protects them from intracellular Salmonella Typhimuriuminfection. In 
addition,isolated milk HA increases in vivo expression of the orthologue of HBD2 (MuBD3) in the 
intestine of mice, and this induction is dependent on the presence of two receptors, TLR4 and 
CD44[7], 

Recently we have also identified a highly purified, specific-size biosynthetic HA of 35kDa 
average molecular mass (HA35) that mimics the actions of milk HA in inducing HBD2/'n vitro and 
and MuBD3/n v/Vo[7], Surprisingly, while HA35 induction of MuBD3 in vivo was dependent on 
TLR4, it was independent of CD44. One remarkable finding, both in vitro and in vivo ,is the 
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difference in potency between milk HA and HA35 (-700 fold on a mass basis) in inducing 
comparable epithelial protection. Therefore we hypothesized that milkHA would beenriched for 35 
kDa HA and also contain other sizes of HAthat bind to CD44 to enhance HBD2 induction, and 
thus explain the difference in potency. 

There are several challenges associated with the characterization of HA from human 
milk. Milk is a highly complex fluid, and standard HA isolation procedures are insufficient for 
removal of all contaminants. Even proteinase K cannot digest all of the 
milk. Our initial efforts to analyze the molecular mass distribution of iso 
electrophoresis were unsuccessful, due to substantial staining interference by known (e.g., 
chondroitin or sulfated glycosaminoglycans) and unknown contaminants. The concentration of 
HA in milk is also very low, so that methods of high sensitivity are required for analysis of the 
isolated HA. 

Most current methods for determination of the M distribution of HA from tissues and 
biological fluids have been optimized for high M HA (greater than about 200 kDa). Commonly 
employed methods aresize exclusion chromatography with multiangle laser light scattering 
(SEC-MALLS), and agarose or polyacrylamide gel electrophoresis [8-14], Detection of very low 
M HA by light scattering is inherently insensitive, and the SEC-MALLS method requires a highly 
purified HA sample.Gel electrophoresis can analyze samples on the microgram scale, and can 
tolerate some impurities in the sample, but nonspecific staining by those impurities can interfere 
with size distribution analysis of the HA. Blotting of gels to positively charged nylon and 
detection of HA using a labeled specific binding protein [10]works only for HA with M greater 
than about 100 kDa, as a result of strong surface binding[15]. Most alternative methods have 
similar limitations. Capillary electrophoresis (CE)[16] is limited to pure HA samples. MALDI-TOF 
mass spectrometry [17,18] has high sensitivity, but requires a pure sample and HA with M larger 
than about 10 kDa becomes difficult to analyze [19].The most promising method to date for 
complete size distribution analysis of HA isolated from biological samples is size exclusion 


protein components of 
ated milk HA by gel 
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chromatography-enzyme linked sorbent assay (SEC-ELSA)[20-22], because it is both sensitive 
and specific. However, SEC-ELSA has never been applied to the analysis of HA with M lower 
than about 100 kDa.A new method that has extremely high sensitivity and works best for low M 
HA is GEMMA (gas-phase electrophoretic mobility molecular analysis), but its accuracy has not 
yet been established for impure and polydisperse HA samples [23]. 

To address the issues of limited sample amount,purification difficulty,and the importance 
of analyzing both high and low M HA simultaneously, wedeveloped a method using size- 
dependent fractionation ofHA by anion exchange on a spin column, and quantification of HA in 
the fractions using a competitive ELSA assay. We then conducted HA size analyses for samples 
from 20 different human milk donors to characterize the diversity of HA sizes in milk. Here we 
report that only a small percentage (~5%) falls in the range of the active commercial HA35 kDa 
preparation, and the majority has an average molecular mass of -440 kDa. 
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Material and methods 
Materials 

Twenty dated human breast milk samples were provided by 20 unique donors between January 
2011 and December 2012. All donors provided informed consent in accordance with a protocol 
approved by the Cleveland Clinic Institutional Review Board, and provided de-identified samples 
that were assigned a code number corresponding to postpartum day of milk collection. All 
samples were stored at -20 °C. 

Chemoenzymatically synthesized HA standards with narrow size distribution and known 
averagemolecular mass determined by size exclusion chromatographywith multiangle light 
scattering (Select-HA™: specificHAsizes and mixtures of sizes as LoLadder) were obtained 
fromHyalose LLC (Oklahoma City, OK, USA). A low M HA sample containing chains 19-25 
disaccharides in length (7.6-10.0 kDa) was prepared as previously described [24], Polydisperse 
highly purified HA samples with known average molecular mass (based on measurement of 
intrinsic viscosity) were purchased from Lifecore Biomedical (Chaska, MN, USA). Chondroitin 4- 
sulfate and dermatan sulfate were obtained from Seikagaku Corporation (Tokyo, Japan). 

Phosphate-buffered saline (PBS), Tris base, and boric acidwere from Sigma Chemical (St. 
Louis, MO, USA). Proteinase Kwas from Roche (Indianapolis, IN, USA). The hyaluronidase 
(from Streptomyces hyaluronolyticus) was from Seikagaku Corporation (Tokyo, Japan). Sodium 
chloride (NaCI) was from Fisher Scientific (Waltham, MA, USA). Stains-AII™ dye (3,3'-dimethyl- 
9-methyl-4,5,4',5'-dibenzothiacarbocyanine) and bromophenol blue tracking dye were obtained 
from Bio-Rad Laboratories (Hercules, CA, USA). Polyacrylamide (4-20% gradient)gels in Tris- 
borate-EDTA (TBE) and streptavidin-coated magnetic beads (M-280) were from Life 
Technologies (Carlsbad, CA, USA). Agarose was from GE Healthcare (agarose NA, -m r = 0.10) 
(Pittsburgh, PA, USA). The HA competitive ELISA (ELSA) kit (K-1200) and biotinylated Versican 
G1 domain (G-HA02) were from Echelon Biosciences (Salt Lake City, UT, USA). Strong anion 
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exchange (Q) spin columns (catalog # 90010), dialysis devices and cassettes with 3.5 kDa 
cutoff were from Thermo Pierce (Rockford, IL, USA). 

Pure HA stock solutions preparation 

Pure HA samples were dissolved and stored at 4 °C, at concentrations of 1 mg/mL A 
forSelect-HA™ and 0.5 mg/mL for polydisperse HA, in deionizedwater. The concentrations of 
the polydisperse HA solutionswere determined by weighing the dry powders for 



solutionpreparation. Considering the water content in the powder,the deviation was <5% by this 


method, according to Haserodt et al. [25]. The concentrations of Select-HA™ solutions 
werebased on dissolution of the entire contents of vials containingl mg, where that exact weight 
was confirmed by the supplierusing the carbazole method for solutions aliquoted and dried inthe 
vials, and the deviation was <3%. The HA stock solutions were diluted with PBS before use. 
Hyaluronan molecular mass distribution analysis 

Hyaluronan was fractionated according to molecular mass by calibrated ion exchange 


chromatography, and the fractions were analyzed for HA content by a specific competitive 
Enzyme-linked Sorbent Assay (ELSA). The scheme for this HA characterization process is 
represented in Figure 1. Since this is a new method, it is described below in detail. 

Ion Exchange (IEX) chromatographic fractionation of polydisperse HA 
In order to establish the method, a highly polydisperse HA test sample was created by mixing 
equal amounts of two polydisperse purified HA samples having viscosity-average (close to 
weight-average) M values of 22 kDa and 112 kDa. The HA samples were separately dissolved 
in water at a concentration of 0.5 pg/pL. The combined sample was prepared by mixing together 
20 pL (containing 10 pg HA) of each solution, and adding 0.050 M NaCI to a total volume of 800 
pi. [All NaCI solutions used in the ion exchange separations were prepared to an accuracy of at 
least three significant figures (sf) in concentration, using precise weights (4 sf) and volumetric 
flasks (4 sf).] The M distribution of this combined sample was determined by polyacrylamide gel 
and agarose gel electrophoresis, with detection using Stains-AII™ dye. These methods have 
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been previously shown to give accurate molecular mass determinations for HA within 
appropriate M ranges for each gel type[13,14], Figure 2 shows the polyacrylamide gel image, 
and corresponding densitometric profiles. Corresponding data for agarose gel electrophoresis 
are provided in Supplemental Figure 1. Differences in profile shape are due to the relatively 
poorer separation of high M HA on polyacrylamide gel, and the relatively poorer separation of 
low M HA on agarose gel. This is analogous to the effects associated with the void and total 
volume peaks on gel filtration chromatographic separations, where poorly separated species 
elute together. 

Fractionation of the HA mixture was performed using two strong anion exchange (Q) spin 
columns (Thermo Pierce, catalog # 90010, 500 pl_), each treated identically. For each step of 
the procedure, each column was loaded with 400 pL of sample or salt solution, then centrifuged 
at 400 xg for 2 min for elution. Each column was pre-washed once with a 400 pL aliquot of 
0.050 M NaCI. The HA sample in 0.050 M NaCI was loaded, centrifuged, and then the column 
was again washed once with a 400 pL aliquot of 0.050 M NaCI. The column was washed further 
with three aliquots of 0.200 M NaCI, which does not cause release of any pure HA of the 
sample, but aids analysis of impure biological HA samples by removing some impurities. To 
elute HA of increasing size, the column was eluted stepwise with 2x400 pL aliquots of NaCI 
solutions with concentrations of 0.300, 0.330, 0.360, 0.400, 0.416, 0.440, and 0.800 M (seven 
fraction method), or 0.360, 0.425, 0.460 and 0.800 M (four fraction method). Corresponding 
fractions from both columns were combined. Each combined 1.6 ml_ fraction was dialyzed 
against de-ionized water using 3.5kDa cutoff dialysis devices (Thermo Pierce, catalog # 88403), 
and a volume ratio of samples to dialysate of 1:26, with a total of 5 changes of dialysate over 
16-18 h. The dialyzed fractions were each concentrated to a volume of approximately 200 pL 
using a centrifugal evaporator, using minimal heating to aid sublimation but keeping the sample 
cold, such that monodisperse HA subjected to the same process showed no degradation. The 
exact volume of each fraction was determined by liquid weight. Then these fractions were used 
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as follows: 15% of each were taken for the Enzyme-Linked Sorbent Assay (ELSA); 20% of each 
were taken for electrophoresis; 50% of each were taken and added together as a combined 
elution named “recombine”. Subsequently, 40% of the “recombine” sample was used for 
electrophoresis, and the rest saved for future use. 

Calibration of IEX Separation by correlation of HA fraction elution conditions 
electrophoretic determination of average M and M distribution 

The portion of each HA fraction that had been reserved for electrophoresis was 
concentrated to approximately 10 pL. Electrophoresis was performed using polyacrylamide (4- 
20% gradient) and agarose (3%) gels (Figure 2, Supplemental Figure 1), and the scanning 
process and the subsequent mass distribution analysis followed the methods described 
byCowman et al. [13] and Bhilocha et al. [14], Generally, after densitometric scanning, a 
calibration plot of the logarithm of the HA standard molecular mass versus migration distance 
(pixelnumber in the scan data) on the gel was prepared for each gel.From the linear portion of 
the calibration plot, an equation was generated to allow conversion of migration distanceto 
molecular mass for all HA sample densitometric profiles in thatgel. The average M and range of 
M (width at half height) for each fraction have been obtained from these profiles. 

The IEX method fractionates HA according to molecular mass, because the total charge 
of a chain depends on the number of repeating disaccharide units. Using 0.300 M NaCI, only 
very low M HA (ca. 5-9 kDa) could be eluted. Using subsequent steps of 0.330, 0.360, 0.400, 
0.416, and 0.440 M NaCI allowed elution of HA fractions with increasing average M. A single 
step of 0.800 M NaCI eluted all remaining HA with M above ca. 80 kDa. Figures 2A and 2B, and 
Supplemental Figure 1 show the electrophoretic gel results and densitometric scans for the 
fractions. The densitometric scans of the stained gels were used to determinethe M range and 
the average M for each fraction (Table 1), and the portion of the total stained area (=mass ratio) 
for each fraction based on therelative area under each peak in the densitometric profile (Figure 
3). 
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The polydispersity of the HA fractions obtained by IEX varies with M, since the relative 
difference in total charge decreases with increasing chain length. In the very low M range, HA is 
separated into fractions with quite low polydispersity, indicated by the narrow bands observed 
by electrophoresis. As the concentration of the eluting salt solution increases, the corresponding 
HA fractions become broader in M distribution. It can be seen that at 0.360 M NaCI, only HA 
between ca. 13-20 kDa came out, and at 0.416 M NaCI, HA between ca. 32-47 kDa was 
washed out, but 0.440 M NaCI then eluted HA of ca. 43-74 kDa. The fractionation of higher M 
HA became even more sensitive to the salt concentration, and thus size-dependent fractionation 
on the IEX spin column was relatively poor for HA larger than about 100 kDa. Using 0.500 M 
NaCI eluted HA up to ca. 2 MDa (data not shown). 0.8 M NaCI elutes any HA with larger size. 

The same IEX fractionation process was conducted six times with the same sample to 
determine the reproducibility of the fractionation process. Each time the average M and range of 
M for each fraction was obtained from its electrophoretic result. The reproducibility of 
themolecular mass correlation with NaCI concentration needed for elution, used to calibrate the 
IEX column characteristics, is presented in Table 1. 

The IEX elution step gradient could be varied to obtain HA with specific controlled size 
ranges. Supplemental Figure 2 and Table 1 show the results and characteristics of the same 
polydisperse HA sample described above, after separation into only 4 fractions using NaCI 
steps of 0.360, 0.425, 0.460, and 0.800 M. Supplemental Figure 2 affirms the successful 
fractionation and absence of sample loss, and Table 1 presents the characteristics of this 
fractionation set. Other specific desired HA fractionation patternscould be developed using an 
IEX spin column eluted with salt solutions of appropriate concentrations. 

Experimental considerations related to calibrated IEX fractionation of HA 

The question of possible HA lossor degradation during the IEX fractionation process, 
especially the preferential loss of specific sizes of HA, was addressed in two ways. First, an 
equal portion of each HA fraction obtained after the IEX separation was removed, and a 
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recombined sample was obtained by mixing them together. The recombined sample was co- 
electrophoresed on polyacrylamide or agarose gel with the original sample (Figure 2, 
Supplemental Figure 1, Supplemental Figure 2). Within normal limits of reproducibility in 
densitometric analyses of FIA by this method, the recombined sample was the same as the 
original sample on both polyacrylamide and agarose gel. Second, equal portions of the FIA 
fractions were co-electrophoresed with the original and recombined samples, and the 
densitometric profiles of the fractions were summed. The summed profile was also identical with 
that of the original sample within experimental uncertainty. Therefore, there was no discernible 
total loss or preferential loss of any size FIA during the IEX fractionation procedure, and no 
apparent degradation of FIA. a; 

The size calibration of fractions obtained using pure FIA, eluted at a given NaCI 
concentration, can be applied to the analysis of less pure FIA from biological fluids and tissues, 
when separated and analyzed by the same procedure. In order to maintain reproducibility and 


calibration, several experimental details must be standardized and maintained constant. The 
centrifugal force applied to the IEX spin column needs to be kept constant and is recommended 
to be no higher than 400 xg. Higher force was found to result in premature release of FIA from 
the column. The temperature needs to be kept constant. Elution of FIA using cold salt solutions 
occurred at lower salt concentration than observed with room temperature solutions. For some 
IEX column lots, we found an unknown (possibly cationic) species may be shed from the 
column during sample elution, and later cause precipitation of FIA following fractionation and 
dialysis. It is therefore recommended to prewash the IEX column three times with 400 pL of 
0.800 M NaCI, and then to re-equilibrate the column using five washes with 400 pl_ of 0.050 M 
NaCI, before use. FIA fractions need to be completely dialyzed to remove salt, before 
concentration and electrophoresis. Concentration in the presence of high salt has been 
observed to result in FIA degradation. Electrophoresis in the presence of residual salt 
concentrations greater than about 0.15 M causes aberrant migration. 
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Quantitative analysis of HA fractions by competitive ELSA assay and comparison with 
electrophoretic analysis 

In order to quantify the mass of HA eluted at each NaCI concentration, a specific 
competitive ELSA (ELISA-like but using a specific binding protein) assay (type K-1200, from 

yj 

Echelon Biosciences) was employed. An equal portion of each fraction was mixed with Reagent 
Diluent (provided in the kit) to a final volume of 500 pL. This was the IX sample. A 125 pL 
portion was then removed and diluted three-fold with Reagent Diluent to 375 pL. This is the 
(1/3)X sample. A 125 pi portion of the (1/3)X sample was further diluted to 375 pL to make a 
(1/9)X sample. Each sample was analyzed in duplicate. The assay procedure followed the 
instructionswithin the kit. The final signal was collected after 45 min substrate incubation, using 
a microplate reader (SpectraMax M2, Molecular Devices)M)he HA concentration for each 
fraction isolated by the ion exchange purification method was determined and then used to 
calculate the percent of the mass of HA found in each fraction, relative to the whole sample 


(sum of all fractions).Figure 3 presents a comparison of the results from the ELSAassay with the 
results from densitometric analysis of the electrophoretic gels. There is excellent agreement in 
the shape of the M distributionof HA analyzed by the two methods. 

Isolation and molecular mass distribution determination for human milk HA 

The twenty human milk samples were collected, analyzed for HA concentration by a 
competitive ELSA assay (Echelon Biosciences), and frozen for later use. HA was isolated using 
essentially the method described by Hill et al. [6]. Bacterial contamination was avoided by using 
only pre-autoclaved tubes, pipettes, and labware. Frozen milk samples were defrosted. An 
aliquot of 20-30 mL per sample was heated in boiling water for 10 min, then cooled in an ice 
water bath for 10 min. Protein was digested by addition of proteinase K (Roche Applied 
Science, catalog # 03115828001 )to a final concentration of0.5 mg/mL, and then incubation at 
60°C overnight. To remove lipids, the samples werecooled for 10 min in an ice water bath and 
centrifuged for 15 min at 3000 xg at 4°C, and the lower aqueous layer in each tube was 
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collected. The centrifugation was repeated once to more completely remove lipid. The aqueous 
solutions were further centrifuged at 25,000 xg for 10 min at 4°C to remove any particulate 
material, and then heated in a boiling water bath for 10 min. Samples were cooled to room 
temperature in an ice water bath, then centrifuged again at 25,000 xg for 10 min at 4°C. Each 
clarified sample was transferred to a 50 ml. dialysis cassette with 3.5 kDa cutoff, and 
exhaustively dialyzed against five changes of 4 L deionized water over 16 h. Dialyzed samples 
werecentrifuged at 25,000 xgfor 10 min at 4°C to remove any particulate matter, then 
concentrated to approximately 4 mL, using a centrifugal evaporator. This was the incompletely 
purified HA sample to be subjected to molecular mass distribution analysis.An aliquot containing 
at least about 300 ng HA was taken from each sample for later concentration determination. 

The remaining sample was made 0.050 M in NaCI by addition of a 0.200 M stock, and adjusted 
to a volume of 4 mL, then stored frozen at -20°C. 

HA samples were fractionated according to M using ion exchange chromatography 
(IEX). Eachsample was fractionated using ten strong anion exchange mini spin columns treated 
identically. For each step of the procedure, each column was loaded with 400 pL of sample or 
salt solution, then centrifuged at 400 xgfor 2-3 min for elution. The procedure for handling the 
milk HA samples on IEX was essentially the same as described above for pure HA. One sample 
was analyzed by the seven fraction method, and twenty samples were analyzed by the four 
fraction method. Corresponding fractions from the ten columns used for each sample were 
combined. Each 8 mL pooled fraction was transferred to a 12 mL, 3.5kDa cutoff, dialysis 
cassette, and the fractions for each sample were dialyzed together against 4 L deionized water 
with a total of five changes of dialysate over 16 h. The dialyzed fractions were each 
concentrated to a volume of approximately 1 mL using a centrifugal evaporator, transferred to a 
microcentrifuge tube, stored frozen if necessary, and then taken to dryness in a centrifugal 
evaporator. Tubes were stored at -20°C until assayed. 


13 




ACCEPTED MANUSCRIPT 


Preliminary experiments had shown that the levels of low M HA in human milk were only 
about 4-5% of the total HA. All of the higher M HA (> ca. 110 kDa) would be present in the 0.800 
M NaCI fraction. For milk samples with sufficient HA based on the initial sample HA assay, the 
0.800 M fraction was dissolved in water, and an appropriate volume containing about 5 pg HA 
was kept for analysis by 1% agarose gel electrophoresis, before and after digestion of HA using 
the HA-specific hyaluronidase from Streptomyces hyaluronolyticus {Seikagaku Corporation) at a 
ratio of 0.25 units per pg HA, at 37 °C for 4 h. The M distribution of HA in this fraction was 
obtained by subtracting the densitometric profile of the digested sample from that of the 
undigested. The remainder of the 0.800 M fraction was appropriately diluted into Reagent 
Diluent used in the ELSA assay (Echelon Biosciences).Lower M HA fractions eluted from the 
IEX spin columns at lower salt concentrations were directly dissolved in 400 pL Reagent 
Diluent, and not analyzed by electrophoresis due to the low HA contents and high level of co¬ 
purifying contaminants that preclude detection of HA by staining after electrophoresis. 

The HA fractions from each milk sample were analyzed by competitive ELSA assay. For 
a 25 mL milk sample at an average HA concentration of about 250 ng/mL, the expected mass of 
low M HA (<ca. 100 kDa)was only about 250-310 ng, distributed relatively evenly among the 
three low M fractions. The ELSA assay preferably has HA concentrations of about 100-1000 
ng/ml, and requires 0.1 mL per well, so a minimum of 10 ng is needed per well and duplicate 
analysis requires at least 20 ng. Assay at multiple dilutions further increases the amount of HA 
needed. In order to bring most test samples to a point closer to the midpoint of the standard 
curve, they were spiked with a known amount of pure HA (polydisperse HA with 59 kDa average 
M, from Lifecore Biomedical), and the appropriate spike concentration as determined on the 
same assay plate was subtracted from corresponding sample values. 

Specific HAisolation from human milk HA fractions 

At room temperature, 150 pLof 10 mg/mL streptavidin-coated magnetic bead suspension (M- 
280, Life Technologies) was pre-cleaned 3 times with 150 pL PBS 0.05% Tween, following the 
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it h 


manufacturer's instructions. An 80 pLaliquot of low M milk HA (estimated to contain ~0.3 pg HA 
in deionized water),obtained by 0.425M NaCI elution of No. 14 human milk HA from IEX and 
subsequent dialysis, was mixed with 10 pLof 0.75 pg/pL biotinylated versican G1 domain 
(bVGI, Echelon Bioscience) in PBS for 3h at room temperature to saturate HA chains with 
bVGI. The 90 pL mixture was then mixed with the washed beads for 45 min to let the HA-bVGI 
complex bind to the beads. After that, the beads were collected by magnet and washed 3 times 
with 150 pL PBS 0.05% Tween each time. Deionized water (70 pL)was then added to the beads 
and heated at 95 °C for 15 min to release HA from the beads. The supernatant was collected 
and the elution process was repeated once using another 50 pL water. After that, the two HA- 
containingsolutions were merged and concentrated to about 20uL. Proteinase K (Roche) was 
added to the HA solution to a concentration of 1 ug/uL and the mixture was kept at 60 °C for 3h 
to digest any released bVGI. The sample was concentrated to -10 pL before electrophoresis 
on the 4-20% polyacrylamide gel (Life Technologies). The electrophoresis process was as 



15 




ACCEPTED MANUSCRIPT 


Results 

HA in human milk is present at very low concentration (generally, ca. 100-1000 ng/mL[6]), and 
has proven difficult to purify from all contaminants using standard HA isolation protocols.The 
procedures employed included removal of proteins by protease treatment, removal of lipids, and 
removal of dialyzable components. Such procedures do not remove certain contaminants that 
interfere with detection of HA on electrophoretic gels for size determination. These 
contaminants can include unsulfated chondroitin, sulfated glycosaminoglycans, protease- 
resistant proteins, and other unknowns, possibly including nucleic acids. As an alternative, a 
size-and charge-dependent separation method, coupled with specific quantification, was 
developed. Ion exchange (IEX) chromatography on a strong anion exchange (Q) resin in a spin 
column format was used to remove sulfated glycosaminoglycans and to separate HAaccording 
to size, using a step gradient in NaCI for elution. Each fraction was dialyzed to remove salt, then 
analyzed for HA content using a competitive specific ELSA assay, since contaminants such as 
chondroitin that are still not removed by the IEX will not be detected by the ELSA. The IEX 
separation was calibrated using pure HA. 

HA in milk is not degraded by the isolation and fractionation method 

The question of possible HA degradation during the isolation and IEX procedures was 
examined by spiking HA standards into milk, and subjecting the sample to purification and 
fractionation.Figure 4shows that lOOOkDa HA, added to milk and subjected to both purification 
and IEX steps, shows little or no degradation after the entire procedure. A similar purification 
method has been applied elsewhere [26]in the purification of HA from rat skin, yielding HA with 
average M of approximately 6000kDa. The procedure used here appears to cause no significant 
degradation or loss of either high M or low M HA. 

HA recovery from milk following isolation and fractionation is high 

The question of HA recovery through the procedure was addressed by measuring the 
total HA content in raw milk samples, and then the total HA content in the final IEX fractions. 
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The overall recovery averaged approximately 82%±23% (apparent range 53-124%). The 
average recovery of milk HA during the IEX step alone was 103% ± 35%. Spiked 1.7 MDa pure 
HA added into milk had a recovery of ca. 75% in a control experiment (data not shown). 

The IEX fractionation removes sulfated glycosaminoglycans from milk HA 

The behavior of sulfated glycosaminoglycans on the IEX system was examined first with 
pure chondroitin 4-sulfate and dermatan sulfate, and then using milk HA. The sulfated 
glycosaminoglycans are well separated according to size and charge on polyacrylamide gel 
electrophoresis, and can be differentiated from HA by the different characteristic color of bands 
stained with Stains-AII dye (blue for HA or chondroitin, purple for chondroitin sulfate or dermatan 
sulfate, and yellow-orange for heparan sulfate). Low M chondroitin 4-sulfate fragments were 
observed to be eluted from the IEX column used in the present study by an NaCI concentration 
of 0.90-1.0 M. Chondroitin 4-sulfate polymers were eluted at approximately 1.1 M NaCI, and a 
concentration of 1.5 M NaCI was adopted for complete elution of the sulfated 
glycosaminoglycans chondroitin 4-sulfate, chondroitin 6-sulfate, and dermatan sulfate. For 
partially purified milk HA (containing [nonsulfated or undersulfated] chondroitin and sulfated 
glycosaminoglycans), elution from the IEX column with 0.800 M NaCI will release even very 
high M HA, but no normally sulfated glycosaminoglycans. The more highly charged sulfated 
glycosaminoglycans can be eluted with 1.5 M NaCI, as seen in Supplemental Figure 3. 
Molecular mass distribution of HA fromhuman milk 

We observed that conducting a fractionation protocol using a given IEX column type and 
specific set of NaCI concentrations led to highly reproducible results. The calibration of the IEX 
column, based on elution of pure HA at a given NaCI concentration, can thus be applied to the 
analysis of less pure HA from biological fluids and tissues, when separated and analyzed by the 
same procedure. 

The result of milk HA characterization is presented in Table 2. The measured HA 
concentrations are highly disperse, ranging from 70 to 2740 ng/mL, with an average HA 
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concentration of 250 ± 120 ng/mL, excluding two high values (1370, 2740) which exceeded two 
standard deviations from the mean of the other samples. 

Eachmilk HA sample was partially purified by digesting proteins and removing lipids and 
other small molecules. After saving a small portion for ELSA to determine the total HA 
concentration, the remainingsample was further purified usingthe lEXspin column, by washing 
with low salt to remove some impurities that wereunbound or weakly bound. One milk HA 
sample was analyzed by the seven fraction method. Figure 5 shows the mass fraction of the 
total HA that was found in each of the seven fractions, versus the weight-average molecular 
mass of the HA in each fraction, previously calibrated using purified HA. The 0.800 M NaCI 
fraction contained about 96% of the total HA. The remaining 4% of the HA was approximately 
20-60 kDa in molecular mass.The mass fraction of the high M HA eluted at 0.800 M was scaled 
to 1/10 for improved visualization of the low M HA fractions.M used for the 0.800 M NaCI 
fraction was from electrophoretic analysis described below. 

Twenty samples of milk HA weresubsequently fractionated by the four fraction method, 
using stepwise elution with increasing salt concentrationsof 0.360, 0.425, 0.460 and 0.800 
M.Based on calibration of the method using pure HA, the molecular mass distribution in these 
fractions is as follows: 0.360 M yields HA < ca. 20 kDa, 0.425 M yields HA of ca. 20-60 kDa, 
0.460 M yields HA of ca. 60-110 kDa, and 0.800 M yields HA > ca. 110 kDa.The milk HA 
fractions were analyzed by a competitive ELSA assay.For the twenty milk samples analyzed, 
the low M (<110 kDa) HA comprised only about 5% of the total mass on average, while the 
higher M HA was 95%. The M < 20 kDa, 20-60 kDa, and 60-110 kDa fractions respectively 
contained only 1.5%, 1.4% and 2% of the total HA on average. Results are shown in Figure 
5.The mass fraction of the high M HA eluted at 0.800 M was scaled to 1/10 for improved 
visualization of the low M HA fractions. The solid curve is produced to fit the average mass ratio 
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of each fraction. There is excellent agreement between the molecular mass distribution patterns 
obtained using the seven fraction method and the four fraction method. 

Pure polydisperse HA has been shown to suffer no degradation and to be obtained in -80% 
recovery without preferential size loss after the whole isolation process (data not shown).To 
verify that the ELSA-detectedcontents of low M HAin milk samples werenot artifacts, and that 
the HA eluted at a given salt concentration had the appropriate M determined by the calibration 
procedure, one of the 0.425M milk HA fractionswas subjected to HA-specific isolation. The 
specific isolation method was developed by analogy to pull down techniques by using 
biotinylated versican G1 domain (bVGI)and streptavidin-coated magnetic beads. The bVGI 
was first incubated with the sample solution to specifically capture and saturate the HA chains in 
order to obtain strong target binding, then the beads were added to the mixture to pull down the 
HA-bVGI complex. After washing the beads, HA and bVGI were released by heating, and the 
bVGI was digested with Proteinase K before electrophoresis. The result of the isolation is 
shown in Figure 6. The 0.425M fraction contained HA within the range of -25-60 kDa, which is 
consistent with the calibrated M range of the corresponding pure HA elution. 

Amore complete M distribution for the 0.800 M high M HA fraction from milk was 
separately determined by agarose gel electrophoresis. For the thirteen samples that 
hadsufficient HA, the 0.800 M fraction of each sample was divided into two equal sets of -2.5 
pg HA (determined by ELSA) before loading onto a 1% agarose gel. One of the sets was 
predigested by an HA-specific hyaluronidase. A representative gel result is shown in Figure 7. 
Comparison of lanes 3 and 4 indicates that no apparent impurity bands are overlapping with the 
main HA band (Note that the densitometric profiles in the region of the gel that would 
correspond to HA <100 kDa contains only contaminants, since all of the low M HA had been 
eluted from the IEX column at lower NaCI concentrations.Thus lane 4 shows that even after all 
purification steps, and digestion of all HA, a large amount of impurities, probably including 
unsulfated and undersulfated chondroitin,are still present in the sample).The molecular 
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massdistributions for the milk HA samples eluted with 0.800 M NaCI were obtained by 
subtracting the densitometric profiles of the digested samples from the corresponding 
undigested ones.The average M and range of M for each samplewas then obtained from these 
corrected profiles, as described by Cowman et al. [13] and Bhilocha et al. [14],High M HA was 
well separated on the 1% agarose gel. The M ranged from about 100-1500kDa, with a weight- 
average M of 514 kDafor the sampleshown in Figure 7. The gel results for the twelve other milk 
0.800 M fractions are presented in Supplemental Figure 4, and the densitometric profiles for all 
thirteen samples are shown in Figure 8. Surprisingly the plot shows that the M distributions were 
all highly similar among thirteen independent milk samples with initial HA concentrations ranging 
from 203 to 2736 ng/ml. The weight-average M of each sample is shown in Table 2.The 
average weight-average M of the thirteen samples was 440 ± 60 kDa. 

It was not possible to analyze the low M milk HA fractions by electrophoresis, as the 
sub-microgram amounts were too low to be detected properly by staining, and their migration 
positionsin the gelswould coincide with strongly stainingimpurities. 
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Discussion 

The combined use of IEX to fractionate HA on the basis of size, followed by 
quantification of HA in each fraction using a competitive ELSA assay yields a molecular mass 
distribution that is very similar to that obtained by established electrophoretic methodsusingpure 
HA. This demonstration is essential for application of the method to imperfectly purified HA 
isolated from limited biological sources. This method provides an improved procedure, since it is 
not possible to analyze impure HA samples by electrophoretic analysis with nonspecific 
staining, and “Eastern” blotting with specific detection cannot detect HA less than 20 kDa and 
does not properly quantitate HA less than 150 kDa[15]. 

The present investigation demonstrates the usefulness of ion exchange chromatography 
with ELSA in determining low molecular mass distribution of HA in human breast milk. The IEX 
fractionation can also be differentially optimized to provide HA fractions with specific average M 
by changing the salt concentrations of the eluting solutions. For example, the method can be 
used to separate fractions containing HA greater than about 80 kDa from various fractions 
containing low M HA of desired low polydispersity, in the range of about 7-80 kDa. This 
fractionation method for low M HA provides an improvement over existing SEC methods for 
separation and purification of HA according to M, by allowing batch-wise step elution for 
isolation of fractions of specified average M and low polydispersity in M. Analysis of the HA 
fractions by electrophoresis is not routinely necessary for analysis of biological HA samples, 
except for pre-determining the sizes of specific fractions. 

Anion exchange chromatography with gradient elution using salt solutions of increasing ionic 
strength has been used previously to separate short oligosaccharide fragments of HA by degree 
of polymerization and thus total charge (since there is one negative charge per disaccharide 
repeat unit), but success has been limited to fragments containing from 1 to about 20 
disaccharides (0.4-8 kDa) [17,27-30]. Short fragments of sulfated glycosaminoglycans, their 
desulfated products, or hybrid oligosaccharides created by transglycosylation have also been 
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separated by anion exchange chromatography. Fragments containing 1 to approximately 20 
disaccharides (ca. 10 kDa) were separated by size using an elution gradient of increasing ionic 
strength [31-34], No glycosaminoglycans have previously been fractionated by size / degree of 
polymerization / total charge for sizes above about 8-10 kDa. It has generally been expected 
that fragments larger than about 10 kDa would not be fractionated on the basis of size using ion 
exchange methods, due to small differences in total charge between long chains. Our results 
show that this IEX separation technique is also able to fractionate HA fairly well into narrow sub¬ 
tractions up to around 100 kDa. M-dependent separation of HA above this size by IEX has been 
less successful. 

Surface detection techniques for FIA such as blotting or sandwich ELSAs have proven to 
be incapable of detecting FIA below 20 kDa, and the signal for low M FIA is significantly In¬ 
dependent [15]. A detection method that is able to “see” all sizes of FIA equally is preferred. FIA 
detection by a competitive ELSA assay is not sensitive to molecular mass as low as 6 kDa [25], 
because the FIA-protein binding event occurs in solution phase. Thus, FIA size fractionation with 
subsequent competitive ELSA assay is a suitable method for determination of FIA molecular 
mass distribution. The sensitivity of the ELSA kit used in our demonstration generally needs at 
least 20 ng per sample. The sensitivity could be further improved by using fluorescently labeled 
FIA binding molecules [35]. Where low M FIA is a small fraction of the total FIA present in a 
tissue or fluid, and the available quantity of FIA may be small, the high sensitivity in detection 
afforded by an ELSA assay provides the necessary sensitivity. 

Our findings that only ~5% of the human milk FIA is of low M is unexpected. We thought 
milk FIA would be enriched for 35 kDa FIA, since this size specifically was found to have very 
similar innate defense inducing properties, including induction of FIBD2 in human intestinal 
epithelial cells or its orthologue, MuBD3, in vivo in mouse intestine, among different M 
preparations of highly pure FIA tested [7], Additionally, like milk FIA [6], 35 kDa FIA protects from 
Salmonella infection in vitro (de la Motte- unpublished). Flowever, two functional differences 
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between milk HA and 35 kDa HA were striking. Firstly, milk HA is -700 fold more effective on a 
mass base in inducing comparable epithelial protection (500ng vs 350pg for maximal response 
of milkHA and 35 kDa HA, respectively). Secondly, receptor requirements are different for in 
vivo MuBD3 induction; milk HA requires both CD44 and TLR4 receptors whereas 35 kDa HA 
works independently of CD44. 

Based on our M distribution data for human milk HA,- 95% being between 100- 
1500kDa, we were also surprised that large molecular weight HA, even in that size range, had 
no HBD2 inducing ability (Hill et al. [7] and de la Motte- unpublished ). A possible explanation for 
the relative strong potency of milk HA induction could be that the higher size HA in the milk 
interacts with CD44 to enhance HBD2 induction by even a very small amount of low M HA 
acting via TLR4. Several clues appear to support the interaction of CD44 with high M milk HA. 
According to Hill et al. [6], the aggregation of CD44 epitopes within the epithelial cell membrane 
appeared to be increased in the presence of milk HA, but not 35 kDa HA. The aggregation 
seems to be the result of multiple CD44 binding to a high M HA but not a low M HA. In addition, 
their work has also shown that the total phosphorylated ERK1/2 was increased following 
treatment with milk HA, but not 35 kDa HA or hyaluronidase-digested milk HA. Since the 
interaction of HA with CD44 has been demonstrated to result in specific MAPK/ERK activation 
[36,37], the ERK increase may result from interaction of CD44 with high M HA but not the low M 
HA. 

The similarity of the high M HA size distributionand the -440 kDa average molecular 
mass among thirteen individuals is also unexpected.For most biological fluids and tissues, HA is 
polydisperse but has higher average M, and little HA below about 1000 kDa. The average M is 
generally greater than ca. 2000 kDa, and usually in the range of 6000-8000 kDa, for HA isolated 
from bovine or human synovial fluid [10,40,41], for rabbit or owl monkey eye vitreous [10,20], for 
rooster comb [42], for human, rat or rabbit skin [26,43,44], and for other rabbit tissues such as 
skeletal muscle, lung, heart, small and large intestine [44], There have been a fewsignificant 
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reports of low M HA. HA from human articular cartilage has a high M in young tissue, but is 
reduced in old tissue [45]. Low average M HA has been observed in bovine eye vitreous (ca. 
500-800 kDa [20]), human serum (ca. 140-270 kDa [21]), human amniotic fluid at 16 weeks 
gestation (ca. 330 kDa [46], and is found as a component of highly polydisperse HA obse 
tissue remodeling such as postpartum repair of murine cervix [47] or healing of excisional 
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wounds in rat skin [26]. 

Several possible conditions may account forthe ca. 440 kDa average size of the higher 
M component of milk HA. First, there may be degradation artifacts due to the purification 
procedures employed.This is unlikely since our degradation test shows thatexogenous HA was 
not significantly degraded during our procedures. Secondly, HA may be degraded by 
endogenous processes in the mammary tissue during lactation, including degradation by 
reactive oxygen species, reactive nitrogen species, and/or hyaluronidases. The similarity in the 
HA size distribution among many samples would then suggest a well-controlled balance of the 


rate of synthesis with the rate of degradation. Thirdly, there could be preferential uptake in the 
mother's mammary epithelium of the larger HA molecules from the total producedpolydisperse 
HA. The HA in human blood also has a M of 140-270 kDa, with concentrations from 19-23 
ng/mL in healthy people to 169-705 ng/mL in patients with rheumatoid arthritis or primary biliary 
cirrhosis [21]. The 140-270 kDaHA in blood is believed to be the remaining product since the 
affinity of the liver endothelial cell HA receptorsis much greater for high M HA relative to medium 
sized M [21]. Another example is that the HA molecular mass in vitreous of cattle is age 
dependent, changing from 2-3 MDa for newborn calf to 500-800 kDa in adult bovine [20], 
possibly also due to the turnover process. Interestingly, the concentration of milk HA has been 
shown to decrease from an average of 500 ng/mL immediately postpartum period to -100 
ng/mL at times greater than 60 days after birth[6]. A fourthpossible reason is there is a distinct 
mechanism for producing specific sized HA during human milk HA synthesis. Our preliminary 
data (de la Motte- unpublished) shows that mice deficient in two of the three HAS genes, hasl 
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and has3, still produce HA in milk comparable to wild type levels, suggesting that milk HA is a 
has2 product (This has not been confirmed in has2 null animals, as the mutation is 
embryonically lethal). If this association with HAS2 holds true in humans, however,this fourth 
possibility is not likely since HAS2 has been repeatedly shown to synthesize HA higher than 500 


kDa[38,39].Further investigations are needed to establish which mechanism(s) dictate the final 
size distribution of HA in human milk.The close similarity in the high M component size 
distribution for samples from thirteen donors suggests that the synthetic process and the 
degradative / turnover processes are highly coordinated.lt also suggests that the overall HA size 
distributionincluding the constant presence of low M HA observed in twenty samples, is 
important for the function of human milk HA as a protective agent for the infant gut. 
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Table 1. HA Sample Fractionation by IEX (7 fraction method and 4 fraction method) 


IEX Fraction 

HA average M 

HA M range (kDa) 

(M NaCI) 

(kDa) 

(width at half height) 

0.300 

7±1 

5±1 to 9±2 

0.330 

11 ±1 

9±1 to 14±2 

0.360 

16±2 

13±2 to 20±3 

0.400 

25±2 

19±2 to 33±3 

32±2 to 47±4 

43±4 to 74±12 

79±16 and 
above 

0.416 

38±3 

0.440 

61 ±10 

0.800 

*150 (>80) 

0.360 

12 

7 to 21 

0.425 

35 

22 to 56 

0.460 

80 

57 to 114 

0.800 

*155 (>80) 

108 and above 






s 


‘data obtained from the results of 3% agarose gel electrophoresis. 
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Table 2. Resultsfrom Analysis of Twenty Human Milk HA Samples 


Milk [HA] Milk volume Milk HA 

source (ng/ml) used (mL) used (pg) 



Recovery(%) 


Mw of 0.800 
M elution 
(kDa) 



53.2 

92.3 

107.8 

65.2 
62.1 

51.9 

62.9 

72.8 

54.9 

124.1 
103.6 

103.8 

75.8 
101.4 

52.2 
63.5 
103.0 

96.8 

89.1 

100.3 




358 


331 

479 

410 


557 

464 

471 

400 

514 

434 

477 

438 

407 
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Figure Legends 

Figl .Scheme for determination of HA molecular mass distribution by ion exchange fractionation 
and specific HA quantification.HA was fractionated according to molecular mass using stepwise 
elution from an ion exchange column with solutionsof increasing salt concentration. HA in each 
fraction wasquantified by competitive ELSA. 

Fig2. Electrophoretic analysis of a polydisperse HA sample fractionated by stepwise elution from 
an IEX spin column using seven NaCI solutions of increasing concentration. (A) Fractions on a 
4-20% gradient polyacrylamide gel.Lane 1: untreated polydisperse HA, 4 pg. Lane 2: mixture of 
equal portions of the isolated IEX fractions (“recombine”), 4 pg if no loss occurred. Lane 3: 
Loladder containing HA molecular mass markers 495, 310,<214,110, and 30 kDa, in addition to 
purified 7.6-10 kDa HA. Lanes 4-10: HA eluted with 0.800, 0.440, 0.416, 0.400, 0.360, 0.330 
and 0.300 M NaCI solutions, respectively. (B) Densitometric analysis of HA fractions obtained 
by IEX. Scans correspond to sample lanes 4-10 of the gel. Migration distance is scaled to M by 
comparison with co-electrophoresed HA standards. Each IEX fraction has low polydispersity, in 
contrast to the overall high polydispersity of the additive sum of the sample fractions. (C) 
Densitometric scans of sample lanes 1 and 2 from the stained 4-20% polyacrylamide gel. The 
profile of the original mixture is highly similar to that of the recombined IEX fractions, and to the 
additive sum of the individual fraction profiles. The result indicates IEX fractionation of HA 
causes no overall or size-preferential losses, and maintains the true M distribution. 

Fig 3.Comparison of M distributions obtained for a polydisperse HA sample by electrophoretic 
and IEX-ELSA methods.Each fraction was analyzed by polyacrylamide gel and agarose gel 
electrophoresis (the area under the densitometric curve for each fraction was determined),and 
by a competitive ELSA assay. The shape of the M distribution, which can be analyzed by 
electrophoresis only for purified HA, is well approximated by an HA-specific quantification assay 
of the fractions. 
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Fig 4 .Low polydispersity 1000 kDa Select™ HA, added to milk and subjected to both purification 
and IEX fractionation steps, shows little or no degradation after the entire procedure. Lane 
1 :MegaLadder and HiLadder HA standards. Lane 2: untreated 1000 kDa Select™HA, 1.5 pg. 
Lane 3: high M HA component (0.800 M NaCI elutionjisolated from 3 mL milk spiked pre- A 
isolation with 1.5 pg 1000 kDa Select™HA. Lane 4: high M HA component (0.800 M NaCI 
elutionjisolated from 3 mL milk. 

Fig5.M distribution for the twenty partially purified human milk HA samples after fractionation by 
IEX, and analysis by competitive ELSA assays.The mass ratio of the high M HA eluted at 0.800 
M was scaled to 1/10 for improved visualization of the low M HA fractions. The average M (ca. 
440 kDa) for the 0.800 M HA fraction from milk was separately determined by agarose gel 
electrophoresis. 

Fig6.Specific isolation of low M HA from human milk, analyzed by 4-20% polyacrylamide gel 
electrophoresis. Lane 1: Loladder containing HA molecular mass markers 495, 310, 214, 110, 
and 30 kDa, in addition to purified 7.6-10 (average ca. 9) kDa HA. Lane 2: milk HA from a 0.425 
M NaCI elution from IEX, captured by specific binding to bVGI and streptavidin-coated 
magnetic beads. 

Fig 7 .M distribution for the 0.800 M HA fraction from human milk sample No. 14 by 1% agarose 
gel electrophoresis. Lane 1 :Hiladder, containing HA molecular mass markers 1510, 1180, 966, 
667, 495 kDa. Lane 2: Loladder and Megaladdercontaining HA molecular mass markers 4570, 
3050,1520, 495, 310, 214, 110, and 30 kDa. Lane 3:ca. 2.5 pgHA eluted with 0.800 M NaCI 
solution after 0.360, 0.425 and 0.460 M NaCI stepwise elution. The HA amount is estimated 
from the ELSA data. Lane 4: The same sample as in Lane 3 after specific hyaluronidase 
digestion. The bands lower than 100 kDa are impurities and don’t contain any HA. 
Fig8.Densitometric analysis of electrophoretic separation of 0.800 M elutions of thirteen milk HA 
samplesby IEX. The M distributions were obtained by subtracting the digested sample profiles 
from the corresponding undigested ones. The average M and range of M for each samplewas 
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obtained from these profiles. The M distributions are highly similar among thirteen independent 
milk samples. 
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